Introduction {#s1}
============

Melanoma, the most dangerous form of skin cancer, has increased rapidly in developed countries during the past several decades [@pone.0049306-Berwick1]. Early removal of melanoma lesions leads to a good prognosis, but once it has progressed to the metastatic stage, it is extremely difficult to treat and largely refractory to existing therapies, with median survival time only 6--9 months and a 3-year survival rate of only 10--15% [@pone.0049306-GraySchopfer1], [@pone.0049306-Chin1]. Over the last 40 years, no single drug or combination of drugs demonstrated any impact on survival of metastatic melanoma [@pone.0049306-Balch1], [@pone.0049306-Eggermont1]. An understanding of the mechanisms responsible for melanoma initiation, progression and maintenance is critical for developing successful therapies, and recent developments in the area of immunotherapy as well as targeted therapy for melanoma are promising [@pone.0049306-Ko1], [@pone.0049306-Ji1]. An anti-CTLA-4 monoclonal antibody (ipilimumab) and a BRAF inhibitor (vemurafenib) were approved in 2011 by FDA to treat advanced melanoma, which herald a new era of targeted therapeutics for melanoma [@pone.0049306-Mellman1], [@pone.0049306-Finn1].

Signal Transducer and Activator of Transcription 3 (STAT3) is a transcriptional factor that is activated by many cytokines and growth factors, and plays a key role in cell survival, proliferation, and differentiation [@pone.0049306-Yu1], [@pone.0049306-Yu2]. Under normal physiological conditions, the activation of STAT3 is tightly regulated and occurs transiently. In cancers, STAT3 becomes activated constitutively through aberrant activation of tyrosine kinases, such as c-Src or Janus kinase (JAK) family members, thereby driving the malignant phenotype of cancer cells, including melanoma. STAT3 activation requires Tyr705 phosphorylation, resulting in dimerization, nuclear translocation, DNA binding, and transcriptional activation of target genes. STAT3 regulates basic biologic processes important in tumorigenesis including cell cycle progression, survival, tumor angiogenesis, and tumor-cell evasion of the immune system [@pone.0049306-Yu1], [@pone.0049306-Yu2]. Many of the studies that defined the role of STAT3 in oncogenesis were carried out in cancer cells and animal models of melanoma, and targeting STAT3 signaling in melanoma cells is an appealing strategy [@pone.0049306-Gao1], [@pone.0049306-Kortylewski1]. Recently, small-molecule inhibitors of the STAT3 signaling have been reported to be effective anticancer agents *in vitro* and *in vivo*, indicating promising targeted therapies using molecules for cancers are emerging [@pone.0049306-Page1]--[@pone.0049306-Liu1].

Natural products or synthetic compounds inspired from natural products continue to be excellent sources for new drug candidates, especially in the area of anticancer therapeutics [@pone.0049306-Paterson1]. The 3,3′-pyrrolidinyl-spirooxindole unit is a heterocyclic motif that forms the core of a large family of alkaloid natural products with strong bioactivity profiles and interesting structural properties. Significant recent advances in the synthesis of this fused heterocyclic system have led to intense interest in the development of related compounds as potential medicinal agents or biological probes [@pone.0049306-Galliford1]--[@pone.0049306-Bhaskar1].

Here we report that SOID-8, a derivative of spiro\[pyrrolidin-3,3′-oxindole\], inhibits growth and induces apoptosis of melanoma cells. The anticancer effects of this compound are associated with suppression of phosphorylated JAK2 and STAT3. Importantly, SOID-8 inhibits melanoma tumor growth in a mouse xenograft model. Together, these findings not only demonstrate that SOID-8 blocks the JAK2/STAT3 signaling *in vitro* and *in vivo*, but also provide a potential novel lead compound for further development of new preventive and therapeutic agents for melanoma.

Results {#s2}
=======

Spirooxindole derivatives inhibit viability of melanoma cells {#s2a}
-------------------------------------------------------------

Twelve analogues of the natural product Spirotryprostatin B, named SOID-1 to SOID-12, were synthesized ([Fig. 1A](#pone-0049306-g001){ref-type="fig"}) [@pone.0049306-Miyake1]. These spirooxindole derivatives represent 6 pairs of diastereoisomers. We determined their effects on the viability of melanoma cells by using MTS cell-viability assays at a concentration of 30 µM. After 24 h treatment, SOID-5, 8 and SOID-12 showed significant inhibition of viability in both A2058 and A375 cells with the *p* values were less than 0.001 by statistical analysis ([Fig. 1B](#pone-0049306-g001){ref-type="fig"}). Since SOID-8 displayed more potent anticancer activity than other spirooxindole derivatives in both melanoma cell lines, it was chosen for further study.

![Screening of spirooxindole derivatives for anti-tumor activity on melanoma cells.\
(A) Structure of analogues SOID-1 to SOID-12 inspired by natural product Sprotryprostatin B. (B) Effect of spirooxindole derivatives on melanoma cell growth. A2058 and A375 cells were treated with a series of spirooxindole derivatives (30 µM) for 24 h, and cell viability was evaluated by MTS assay. DMSO was used as vehicle control. Data are shown as means ± SEM. Statistical significance between SOID-8 treatment and DMSO control, determined by the two-tailed Student\'s t test, is indicated by \*\*\*, *p*\<0.001.](pone.0049306.g001){#pone-0049306-g001}

SOID-8 inhibits viability of melanoma cells {#s2b}
-------------------------------------------

To further evaluated the effects of SOID-8 on the viability of melanoma cells, A2058, A375, SK-MEL-28 and SK-MEL-5 human melanoma cells were treated with increasing concentrations of SOID-8 (2.5, 5, 10, 20 µM) for 24 and 48 h, respectively. As shown in [Figure 2](#pone-0049306-g002){ref-type="fig"}, cell viability of all four melanoma cell lines was inhibited by SOID-8 in a dose- and time-dependent manner. A2058 and A375 cells were more sensitive to SOID-8 treatment than SK-MEL-28 and SK-MEL-5 cells. The 50% inhibitory concentrations (IC~50~) of SOID-8 in A2058 cells were 9.3 µM at 24 h and 3.7 µM at 48 h. The IC~50~ of SOID-8 in A375 cells were 11.85 µM at 24 h and 5.3 µM at 48 h. By contrast, SOID-8 had very little effect on the growth of normal human dermal fibroblasts (NHDFs) and human melanocytes ([Fig. 2](#pone-0049306-g002){ref-type="fig"}). Moreover, the growth of all four melanoma cell lines was significantly inhibited by SOID-8 when compared to that of normal NHDFs and melanocytes. These results demonstrate that SOID-8 inhibits cell viability of human melanoma cells, without significant cytotoxicity to normal human cells *in vitro*.

![SOID-8 inhibits melanoma cell growth.\
(**A**) SOID-8 significantly inhibits viability of human melanoma cell lines (A2058, A375, SK-MEL-28 and SK-MEL-5), but has minor effect on normal human cells \[NHDFs (normal human dermal fibroblasts) and melanocytes\]. Cells were treated with increasing concentrations (2.5, 5, 10, 20 µM) of SOID-8 for 24 (left) and 48 h (right), and cell viability was evaluated by MTS assay. DMSO was used as vehicle control. Data are shown as means ± SEM. Statistical significance between any one of two normal cell lines (NHDF or melanocyte) and any one of four melanoma cell lines (A2058, A375, SK-MEL-28, or SK-MEL-5) was determined by the two-tailed Student\'s t test. \*, *p*\<0.05; \*\*, *p*\<0.005; \*\*\*, *p*\<0.001.](pone.0049306.g002){#pone-0049306-g002}

SOID-8 induces apoptosis and downregulates Mcl-1 in melanoma cells {#s2c}
------------------------------------------------------------------

Next, we investigated whether SOID-8 induced apoptosis of melanoma tumor cells. A2058 and A375 cells were treated with increasing concentrations of SOID-8 (2.5, 5, 10, 20 µM) for 24 and 48 h, and both attached and floating cells were collected and analyzed by Annexin V-FITC/PI staining and fluorescence-activated cell sorting. Apoptotic cells, including both early apoptotic cells (Annexin V positive) and late double-positive apoptotic cells (Annexin V and PI positive), were increased by SOID-8 treatment in a dose- and time-dependent manner ([Fig. 3A](#pone-0049306-g003){ref-type="fig"}). These results indicate that SOID-8 can effectively induce apoptosis of human melanoma cells.

![Effects of SOID-8 on apoptosis of melanoma cells.\
(**A**) SOID-8 induces apoptosis of A2058 and A375 cells. Cells were treated with SOID-8 at indicated concentrations for 24 (left) and 48 h (right), respectively. Apoptotic cells are represented by propidium iodide and Annexin V-FITC double-positive staining as determined by fluorescence-activated cell sorting. Each experiment was done in triplicate and repeated twice independently. (**B**) Effects of SOID-8 on apoptosis-related proteins. A2058 and A375 cells were treated with increasing concentrations of SOID-8 for 24 h and the level of PARP, Mcl-1 and Bcl-xL protein was measured by western blot.](pone.0049306.g003){#pone-0049306-g003}

Poly(ADP-ribose) polymerase (PARP) is essential for cell survival; it is cleaved during apoptosis and loses function. To further confirm that the cell death induced by SOID-8 was an apoptotic process, we assayed expression of cleaved PARP after SOID-8 treatment. Both A2058 and A375 cells were treated with SOID-8 or vehicle for 24 h, then the levels of cleaved PARP were detected by immunoblotting assays. SOID-8 increased cleaved PARP in both melanoma cell lines ([Fig. 3B](#pone-0049306-g003){ref-type="fig"}). As low as 5 µM SOID-8 strongly increased the cleavage of PARP in these cells.

Bcl-2 family proteins are important regulators of apoptosis [@pone.0049306-Maddika1]. To determine whether SOID-8-induced apoptosis of A2058 and A375 cells is due to down-regulation of the antiapoptotic proteins in this family, the levels of Mcl-1 and Bcl-xL were examined after 24 h SOID-8 treatment. Although Bcl-xL was only decreased in A2058, Mcl-1 was decreased in both melanoma cell lines ([Fig. 3B](#pone-0049306-g003){ref-type="fig"}). These results are consistent with the induction of apoptosis by SOID-8 and implicate the importance of Mcl-1 in this response.

SOID-8 reduces phosphorylation of STAT3 and JAK2 in A2058 and A375 cells {#s2d}
------------------------------------------------------------------------

Activation of STAT3 signaling has an important role in melanoma oncogenesis [@pone.0049306-Kortylewski1]. To investigate whether SOID-8 can inhibit the STAT3 signaling pathway in human melanoma cells, we examined the levels of total and phosphorylated STAT3 in A2058 and A375 melanoma cells after 24 h SOID-8 treatment. We found that phosphorylation of STAT3 at Tyr705 was significantly inhibited in a dose-dependent manner in both A2058 and A375 cells after 24 h SOID-8 treatment, whereas total protein levels of STAT3 were not significantly changed with SOID-8 treatment.

Constitutive activation of STAT3 induced by Src and JAK tyrosine kinases participates in growth regulation of tumor cells [@pone.0049306-Yu1]. To further elucidate how SOID-8 suppresses phophorylation of STAT3 at Tyr705, expression of total and phosphorylated of JAK2 and c-Src proteins were examined after 24 h SOID-8 treatment. As shown in [Fig. 4B](#pone-0049306-g004){ref-type="fig"}, SOID-8 treatement resulted in a reduction of phosphorylation of JAK2 in a dose-dependent manner in both A2058 and A375 cells. Although phosphorylation of Src was repressed in A2058 cells at 10 µM of SOID-8, no significant inhibitory effects were observed in A375 cells. To ascertain the length of treatment time required for SOID-8 to suppress phosphotyrosine STAT3 and JAK2 levels in A2058 cells, we carried out a time course experiment ([Fig. 4B](#pone-0049306-g004){ref-type="fig"}). Suppression of p-JAK2 and p-STAT3 by SOID-8 in melanoma cells was observed in a time-dependent manner. Inhibition of phosphorylation of JAK2 was detected at 0.5 h post SOID-8 treatment, while inhibition of phosphorylated STAT3 was detected at 2 h post SOID-8 treatment. These results are consistent with that JAK2 as an upstream regulator of STAT3. Taken together, our data indicate that SOID-8 inhibits the JAK2/STAT3 signaling pathway in melanoma cells, associated with induction of apoptosis induced by SOID-8.

![SOID-8 represses the JAK2/STAT3 signaling pathway in a dose- and time-dependent manner.\
(**A**) Total proteins were isolated from A2058 (left) and A375 (right) cells incubated with 2.5, 5, 10, or 20 µM SOID-8 for 24 h. Western blot was done with antibodies to total or phosphorylated (*p*) STAT3, JAK2 and Src using 40 µg total proteins. β-Actin was used as a loading control. (B) Time course of inhibition of STAT3 upstream regulatory proteins JAK2 following SOID-8 treatment. A2058 cells were treated with 10 µM of SOID-8 for indicated times. Total proteins were isolated and the level of total or phosphorylated (*p*) STAT3, JAK2 and Src was measured by western blot.](pone.0049306.g004){#pone-0049306-g004}

SOID-8 suppresses IL-6-induced STAT3 and JAK2 phosphorylation of melanoma cells {#s2e}
-------------------------------------------------------------------------------

Interleukin-6 (IL-6) is a critical growth factor for melanoma cells, IL-6 can directly activate STAT3 phosphorylation through JAK family kinases [@pone.0049306-Yu1], [@pone.0049306-Sansone1]. To determine whether SOID-8 inhibits phosphorylation of STAT3 and JAK2 by IL-6 stimulation, serum-free cultured A2058 and A375 cells were treated with SOID-8 at the concentrations indicated (5, 10, 20 µM) for 24 h, and then IL-6 (10 ng/mL) was added to cells for 30 min. Immunoblotting assays showed that SOID-8 inhibited the phosphorylation of STAT3 and JAK2 induced by IL-6 in both cell lines ([Fig. 5](#pone-0049306-g005){ref-type="fig"}).

![SOID-8 inhibits IL-6-induced phosphorylated STAT3 and JAK2 in A2058 (left) and A375 (right) cells.\
The cells were serum-starved overnight, then left untreated or were treated with SOID-8 (5--20 µM) for 24 h. The untreated and SOID-8-treated cells were stimulated with IL-6 (10 ng/mL). Cells were then harvested after 30 minutes and the level of total or phosphorylated (*p*) STAT3 and JAK2 was analyzed by western blot.](pone.0049306.g005){#pone-0049306-g005}

SOID-8 inhibits human melanoma tumor growth in a mouse xenograft model {#s2f}
----------------------------------------------------------------------

To examine the effect of SOID-8 on growth of human A2058 melanoma cells *in vivo*, we first tested the toxicity of SOID-8 in BALB/c normal mice. At 200 mg/kg, SOID-8 was found to be non-toxic in mice (data not shown). We then used 50 mg/kg for a SOID-8 therapeutic study in an A2058 xenograft model using NSG mice. SOID-8 was administered orally, twice a day for 17 days. No lethal toxicity or weight loss was observed among the tested mice. As shown in [Fig. 6A](#pone-0049306-g006){ref-type="fig"}, significant tumor growth inhibition was observed in the SOID-8 group (n = 8). The trends of tumor growth curves in control and treated groups were similar after 8 days of treatment. However, tumors in treated group always grew slower than ones in the control group. Importantly, the size of tumors in the treated group with SOID-8 was inhibited approximately 40% compared with controls at 17 days after treatment. Consistent with the observations *in vitro*, SOID-8 reduced phosphorylated JAK2 and STAT3, and inhibited Mcl-1 protein expression *in vivo* ([Fig. 6B](#pone-0049306-g006){ref-type="fig"}). Thus, these data demonstrate the antitumor activity of SOID-8 *in vivo* against human melanoma cells. To determine whether SOID-8 also inhibits proliferation of mouse melanoma cells, we examined the effect of SOID-8 on B16 mouse melanoma cells. Our results showed that SOID-8 could inhibit viability of B16 mouse melanoma cells in a time- and dose-dependent manner ([Fig. 6C](#pone-0049306-g006){ref-type="fig"}).

![SOID-8 inhibits melanoma tumor growth in a mouse xenograft model.\
(A) SOID-8 suppressed tumor growth of A2058 melanoma xenografts. A2058 cells (2.5×106) were implanted subcutaneously into the flanks of NSG mice. After tumor development (one week later), SOID-8 or vehicle control was administered by oral gavage twice a day at 50 mg/kg for 17 days. Data are mean ± SEM. Statistical significance, determined by the two-tailed ANOVA, is indicated by \*, *p*\<0.01, n = 8 mice/group. (**B**) SOID-8 inhibits the level of phospho-JAK2 and phospho-STAT3, and Mcl-1 in A2058 tumors, as determined by western blot analysis. (**C**) SOID-8 inhibits viability of B16 mouse melanoma cells. Cells were treated with increasing concentrations of SOID-8 (1.25, 2.5, 5, 10, or 20 µM) for 24 and 48 h, and cell viability was evaluated by MTS assay. DMSO was used as vehicle control.](pone.0049306.g006){#pone-0049306-g006}

Discussion {#s3}
==========

Synthetic or natural heterocyclic compounds, particularly spirooxindoles with a spirocyclic quaternary stereocenter at the C3 position, are endowed with a wide range of pharmacological activities [@pone.0049306-Dounay1], [@pone.0049306-Liu2]. For example, oxindole-type phytoalexins from plants have shown potent antimicrobial, antitumor, and oviposition-stimulant biological activities [@pone.0049306-Galliford2], but relatively few studies are concerned with the bioactive mechanism studies of these compounds. There is considerable interest for drug-lead synthesis by highly efficient synthetic methods to access optically active spriooxindole, and to provide a foundation for further development of new types of therapeutic agents through preliminary biological studies [@pone.0049306-Jiang1]--[@pone.0049306-Chen2]. Here, we screened twelve compounds (6 diastereoisomer pairs of spirooxindole derivatives) on melanoma cells by MTS cell-viability assays, and the results showed that SOID-8 is a more potent compound in melanoma cells. Comparing the structures and activities of these compounds, we found that the diastereoisomer relationship is not a major factor in terms of antitumor activity. The 6-substitution but not 7-substitution in the aromatic ring is important to improve the anticancer activity, and the bromo- and methoxy-substitution are more potent than the hydroxyl-substitution. These results indicate the modification on the aromatic ring at the 6-position is important to improve anticancer activity and provide us some clues for further rational development derivatives.

Since existing therapies do not greatly improve the survival rate of advanced melanoma, it is critical to find new treatments based on a better understanding of the molecular basis of malignant progression for this tumor. In our study, SOID-8 has shown induction of apoptosis of melanoma cells both *in vitro* and *in vivo*. The antitumor activity of SOID-8 is associated with inhibition of JAK2/STAT3 signaling in these tumor cells. In a majority of melanoma cell lines and clinical specimens, constitutive phosphorylation of STAT3 at the Tyr705 residue has been observed, and this post-translational modification occurs in response to a variety of cytokines such as IL-6 (interleukin-6) which can be secreted in an autocrine fashion by melanoma cells, and is mediated by JAK2 kinase. Recent data suggests that inhibition of the JAK/STAT3 pathway is a potential therapeutic approach for melanoma [@pone.0049306-Kortylewski1]. Our data shows that SOID-8 reduced tyrosine phosphorylation of STAT3 in both dose- and time-dependent manners, and this suppression was mediated through decreased levels of phosphorylation of JAK2 but not c-Src in A2058 and A375 melanoma cells. Significantly, SOID-8 inhibits IL-6-induced STAT3 and JAK2 activation in melanoma cells, further supporting this notion.

Consistent with the induction of apoptosis by SOID-8, the antiapoptotic protein Mcl-1, downregulated by SOID-8 in both A2058 and A375 cells, implicated the importance of Mcl-1 in this response. Mcl-1 is a member of the Bcl-2 family of proteins, which has been shown to play a critical role in the survival of malignant cells, including melanoma [@pone.0049306-Lessene1], [@pone.0049306-Senft1]. Blocking STAT3 protein in human tumor cells has been shown to down-regulate Mcl-1 expression and induce tumor cell apoptosis [@pone.0049306-AlZaidSiddiquee1], [@pone.0049306-Yang1]. STAT3 and Mcl-1 are the proteins inhibited in common among A2058 and A375 cells. Therefore, down-regulation of Mcl-1 by inhibition of phosphorylated STAT3 may be an important mechanism of action of SOID-8 in these melanoma cells. Several small molecules have been identified as lead compounds that block STAT3 signaling, althourgh they remain to be further developed in terms of potency and specificity [@pone.0049306-Kim1], [@pone.0049306-Liu3].

Importantly, SOID-8 suppressed the tumor growth of human melanoma in a mouse xenograft model. Furthermore, phosphorylation of JAK2 and STAT3, as well as Mcl-1, was downregulated in SOID-8-treated xenograft tumors compared to control tumors. These results further confirm that antitumor activity of SOID-8 is at least partially due to inhibition of JAK2/STAT3 signaling in human melanoma cells. Of note, the solubility of SOID-8 is low in 30% solutol solution at the concentration is of 10 mg/ml, and we thus conjecture that the solubility and absorbability of SOID-8 may impair its antitumor effect in the *in viro* mouse studies. To improve the activity and solubility of SOID-8, more derivatives must be synthesized for further study.

In this study, we have discovered that the spirooxindole derivative SOID-8 inhibits melanoma cell proliferation and induces apoptosis of melanoma cells at least in part due to inhibition of the JAK2/STAT3 signaling pathway, *in vitro* and *in vivo*. These findings for the first time provide evidence of a novel mechanism for spirooxindole derivatives\'s antitumor activity. Our results suggest that SOID-8 is a promising lead compound for further development of new preventive and therapeutic agents for melanoma.

Materials and Methods {#s4}
=====================

Reagents {#s4a}
--------

Twelve spirooxindole derivatives were synthesized as described previously [@pone.0049306-Miyake1], which represent 6 pairs of diastereoisomers. Compounds SOID-9 and SOID-10 are natural spirooxindole derivatives, called isoelacomine and elacomine, respectively. Others are novel spirooxindole derivatives and differ by position of substitution on the aromatic ring. All compounds were prepared in dimethyl sulfoxide (DMSO) at a concentration of 40 mM and stored as small aliquots at -20°C. For *in vivo* mouse experiments, SOID-8 was dissolved in 30% Solutol (BASF) at a concentration of 10 mg/mL. Bacteria-derived recombinant human IL-6 was purchased form R&D Systems. Anti-β-actin (Cat\#A1978) was purchased from Sigma. Polyclonal antibodies to phospho-Stat3 (Tyr705) (Cat\#9131), Stat3 (Cat\#9132), phospho-Jak2 (Tyr1007/1008) (Cat\#3771), Jak2 (Cat\#3230), phosphor-Src family (Tyr416) (Cat\#2101), Src (Cat\#2108), Mcl-1 (Cat \#4572), PARP (Cat\#9542), Bcl-xL (Cat\#2762) were obtained from Cell Signaling Technology (Danvers, MA). Horseradish peroxidase (HRP)-labeled anti-mouse and anti-rabbit secondary antibodies were obtained from GE Healthcare.

Cell culture {#s4b}
------------

The human A2058, A375, SK-MEL-5, SK-MEL-28 and mouse B16 melanoma cell lines were obtained from the American Type Culture Collection. NHDFs (normal human dermal fibroblasts) were a gift from Dr. Jun Wu (Division of Comparative Medicine, City of Hope), which were purchased from Lonza. All melanoma cells were maintained in RPMI-1640 medium and NHDFs were maintained in Dulbecco\'s Modified Eagle\'s Medium (DMEM) supplemented with 10% FBS (fetal bovine serum, Sigma) and 1% Antibiotic-Antimycotic (Gibco). Human melanocytes were purchased from Invitrogen and maintained following the supplier\'s instructions. All cultured cells were grown in a humidified atmosphere of 5% CO~2~ at 37°C.

Cell-viability assay {#s4c}
--------------------

Cell-viability assays were performed with CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega), which contains 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS). Human cancer cells were seeded onto 96-well plates at a density of 5,000 cells per well in culture medium with 10% FBS. After overnight culture (16 h), the cells were treated with compounds at the concentrations indicated or with DMSO as the vehicle control. After 24 or 48 h treatment, MTS was added to the cells according to the manufacturer\'s instructions. Within 2 h absorbance was measured at 490 nm using an automated ELISA plate reader (Bio-Rad). The values of cell viability were calculated as percentages of absorbance from the treated samples to absorbance of the vehicle control.

Apoptosis assay {#s4d}
---------------

A2058 and A375 melanoma cells (2×10^5^) were seeded on 60 mm culture dishes in culture medium contains 10% FBS. The following day the cells were treated with the indicated concentrations of SOID-8 for 24 or 48 h. After treatment, all cells, including both floating and attached cells, were collected. The apoptotic cells were detected by fluorescence-activated cell sorting with an Annexin V-FITC Apoptosis Detection Kit (BD Biosciences) according to the supplier\'s protocol, in which the early- and late-death cells were stained with Annexin V-FITC and PI (propidium iodide).

Western blot analysis {#s4e}
---------------------

To detect various proteins, A2058 and A375 cells were treated with SOID-8 for the indicated times. Protein lysates were prepared in RIPA buffer with protease and phosphotase inhibitors (Thermo). Protein concentrations were determined by BioMate Spectrometer (Thermo) and protein assay (Bio-Rad). Total proteins (40 µg) were resolved in 4--20% gradient Tris-HEPES gels (Thermo). After gel electrophoresis, the proteins were transferred to Hybond-C membranes (Amersham). The membranes were blocked in 5% nonfat milk in 1× PBS with 0.1% Tween 20 (PBST) at room temperature for 1--2 hours, followed by an overnight incubation at 4°C with primary antibodies in 5% non-fat milk PBST solution. The membranes were then washed with PBST and incubated with HRP-conjugated anti-mouse or anti-rabbit secondary antibodies for 1--2 hours at room temperature, or overnight at 4°C. Immunoreactivity was detected with SuperSignal West Pico Chemiluminescent or Dura Extended Duration Substrate (Pierce).

Tumor xenografts and drug administration {#s4f}
----------------------------------------

BALB/c mice (6--8 weeks old, for toxicity tolerance studies) were obtained from National Cancer Institute. Immunodeficient NOD/SCID/IL2Rgamma null (NSG) mice (female; 7--8 weeks old) were purchased from The Jackson Laboratory for use as the xenograft model. Animal use procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the Beckman Research Institute at City of Hope Medical Center. For the subcutaneous xenograft model, 2.5×10^6^ A2058 human melanoma cells suspended in serum-free medium were injected into the flank of NSG mice. When tumors became palpable after one week development, animals were randomized into 8 mice per group and SOID-8 or vehicle was administered via oral gavage twice a day at the dose of 50 mg/kg body weight. Tumor growth was monitored every other day, and tumor size was measured every 3 to 4 days by caliper. Tumor volumes were calculated by the formula: 0.5× (larger diameter)×(small diameter)^2^.

Statistical analysis {#s4g}
--------------------

A two-tailed *t* test was used to evaluate statistical significance of differences between treated and control groups. \*\*\*, *p*\<0.001, \*\*, *p*\<0.005 and \*, *p*\<0.05.
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